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Abstract

Accurate assessment and effective exploitation of hydrates in seafloor hydrate reservoirs
are critical to energy research. The saturation degree in hydrate reservoirs generally does not
exceed 50%, and the seafloor sediments are highly porous, in which a large number of water
molecules have not been completely converted into hydrates. Given that the state of hydrates
in reservoirs is crucial for their assessment and exploitation, this study explores the formation
and distribution of hydrates in seafloor sediment pores and their influence on reservoir
mechanical properties.

First, the effect of hydrophilic/hydrophobic SiO> on hydrate formation is explored. The
results show that by applying high pressure to the outside of the pore space, methane can
penetrate into the pore space and form a gas-liquid interface at the front end of the pore space,
and then the hydrate starts to nucleate around the interface and grows toward the pore wall. In
the hydrophilic SiO2 pores, the formation of a thin and tough water film is a key structure that
prevents further intrusion of methane into the inner part of the hydrophilic pores. A thick and
less stable CH4 film was formed in the hydrophobic SiO> pores, and methane was able to break
through the gas film to enter the interior of the hydrophobic pores when driven by high pressure.

Secondly, to explore the influence of montmorillonite on hydrate formation, in the
montmorillonite pores, montmorillonite possesses negative electronegativity, which is able to
attract sodium ions to form a Stern layer on the surface, and the excess Na" attracts CI” to form
a diffuse layer, which is called a double electric layer. The existence of the double electric layer
structure leads to the gap between montmorillonite and hydrate more than the diameter of
methane. However, salt ions bind the surrounding water molecules through hydration reactions,
preventing methane from penetrating into the inner part of the pores. In order to investigate the
formation morphology of seafloor hydrates, 3.5 wt% salt ions were introduced into the
montmorillonite system, and the increase in salt concentration in the system increased the
binding effect of the bilayer on water molecules, which exacerbated the hindering effect on
methane.

Finally, the effect of high/normal concentration of salt ions-montmorillonite on hydrate
formation was explored due to the salt exclusion effect, which changes the local salt ion



concentration. Due to the presence of salt ions, the hydrate cannot grow to the surface of
montmorillonite. Compared to the high salt ion concentration system, the Stern layer of the
bilayer structure formed on the surface of montmorillonite in the normal salt ion concentration
system is basically unchanged, while the diffuse layer becomes thinner. There are three
distribution forms of salt ions in the system: (i) dissolved in free water to form a salt solution;
(1) part of the salt ions did not diffuse in time and were wrapped by the growing hydrate. (iii)
Formation of double electric layer on the surface of montmorillonite.

The study in this paper provides theoretical guidance for a deeper understanding of the
existence and distribution of unsaturated hydrates in hydrate reservoirs with different
wettability and different solid medium types, and also provides some basic theoretical guidance
for the hydrate prediction, exploration, and exploitation industries.

Key words: Hydrate; Water film; CH4 film; Mass transfer
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Figure 1-1 Carbon equivalent distribution on a global scale 5!
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Figure 1-3 Schematic diagram of the stabilizing bubble hypothesis mechanism
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Figure 1-4 Schematic diagram of the mechanism of the molecular co-adsorption hypothesis
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Figure 2-1 Mystery of gas hydrate formation on the reservoir (A) surface and in the (B) pore space
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Figure 2-2 (A) Schematic diagram for calculating surface wettability of silica. (B) Calculation of
water contact angle on the surface. Simulated snapshots of water molecules on (C) hydrophobic (D)
hydrophilic SiO; surface
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Table 2-1 Calculated parameters for contact angle of water droplets on hydrophilic/hydrophobic
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Table 2-2 Lennard-Jones interaction parameters and atomic charges for water, methane and SiO;
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(ki mol ) D(A) q(e)
hydroxyl hydrogen (ho) 0 0 0.4250
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tetrahedral silicon (st) 1.8405 %10 3.7064 2.1000
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Figure 2-4 Simulated snapshots of the growth morphology of hydrate on the solid surface within
(A) hydrophilic (B) hydrophobic SiO: pores versus simulation time, with the yellow curve
representing the CHy-water interface region. Distribution of water molecules in hydrates within (C)
hydrophilic and (D) hydrophobic SiO: pores
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Figure 2-5 (A) Schematic of the distance from the hydrate surface to the pore wall. (B) Curve of
hydrate surface to pore wall distance as a function of simulation time
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Figure 2-6 Simulated snapshots of CH4 diffusion in hydrophilic SiO; pores at pressures of (A) 10
MPa (B) 15 MPa obtained by simulation. (C) Curve of CH4 concentration in the liquid phase in the
hydrophilic SiO; pores versus time
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Figure 2-7 (A) Number density distribution curve of water molecules in the Y direction
perpendicular to the hydrophilic SiO; pore wall (B) Number density distribution curve of CH4 in the
Y direction perpendicular to the hydrophilic SiO; pore wall. (C) Schematic diagram of water film
formation on the surface of hydrophilic SiO; pores
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Figure 2-8 (A) Schematic diagram of the gap between the hydrate and the pore wall defined as the
upper surface. (B) Contour plots of the water film thickness at different locations and simulation
times for a pressure of 10 MPa
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Figure 2-9 Contour plots of water film thickness at different locations and simulation times for a

pressure of 15 MPa
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Figure 2-10 (A) Distribution of AOP values of water molecules in hydrophilic SiO; pore-surface
water film at 10 MPa and 15 MPa pressures. (B) MSD curves of pure water and hydrophilic SiO;
pore surface water film at 10 MPa and 15 MPa pressure
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Figure 2-11 (A) Snapshot of CH4 transfer from the gas source to the interior of pores. (B)

Histogram of CH4/water flow rate and flow direction. (C) Curve of CH4 concentration in the liquid
phase inside the pore as a function of time
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Figure 2-12 (A) Snapshot of CH,4 transfer from the gas source to the pore interior. (B) Histogram of

CHy/water flow rate and flow direction
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Fig 2-13 Quantity density distribution curves of (A) CH4 and (B) water molecules in the Y-direction
perpendicular to the hydrophobic SiO; pore surface at a pressure of 15 MPa. (C) Schematic of the
water/CHj, film on the hydrophobic SiO; pore surface
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Figure 2-14 Number density distribution curves of (A) CH4 and (B) water molecules in the Y-
direction perpendicular to the hydrophobic SiO; pore surface at a pressure of 15 MPa
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Figure 2-15 Contour plots of water/CHj film thickness at different locations on the (A) upper
surface/(B) lower surface of hydrophobic SiO; pores at a pressure of 15 MPa. Contour plots of
water/CHj; film thickness at different locations on the (C) upper surface/(D) lower surface in
hydrophobic SiO; pores at a pressure of 10 MPa.
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Figure 2-16 (A) Simulated snapshots of gas-liquid convection formation within the pore space at 15
MPa. (B) AOP values of water molecules on the pore surface at 10 MPa and 15 MPa. (C) Variation
curves of MSD of pure water and water film on the pore surface at 10 MPa and 15 MPa.
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Figure 3-1 Schematic Structure of Montmorillonite Crystals
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Figure 3-2 Basic structure of clay lamellae (A) silica-oxygen tetrahedron (B) silica-oxygen
tetrahedral sheet (C) aluminum (magnesium, iron) oxygen (hydroxyl) octahedron (D) aluminum
(magnesium, iron) oxygen (hydroxyl) octahedral sheet
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Table 3-1 Elemental Composition and Atomic Charges of Montmorillonite Monoliths

Layer Element Charge(q, e)
0 -0.800
Tetrahedral Si 1.200
Al 0.200
Apical 0 -1.000
0] 3.5532
H 3.5532
Octahedral
Al 3.5532
Mg 2.000
Cation Na 1.000

T A1 AR A 3 Born REREAEAY,  Hop i1 18] I AH B A FH AL HE AR )
HLE R YA AR . AR # R 0K Ewald SRANE, URSIOREE N 107, FEAETE
e/ R FH Lennard-Jones 772, B8 10 Ao BASR A =4 A R0 724
FERA IS FE PR A Verlet-Leapfrog LK s iHE, HARSHOE 55 SRy
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Figure 3-3 Schematic diagram for modeling montmorillonite, with cyan spheres representing the
element carbon, red spheres representing the element silicon, yellow spheres representing the element
oxygen, light blue spheres representing the element hydrogen, white spheres representing the element
helium, and dark blue spheres representing the element sodium

3.2 RERAFLERFRE KSR MR FIRES

A 2 BELE L . EPA T B AK M AR LR AL T ke, TR /Kt —
AACREFLBR N R AL 5T R e, BT 58 i A 1) B2 2y H M S 5 K 43 1 R R e 431 B8 RRE
71, Nk, FATHAT L5 T30 )1 ARSI 58 52 i A 6 5K B WAz s, an B 3-
4A. B JE/R T 1E 10MPa. 15MPa PiFhE 77T S WA KR & b e £ LR AL 5 30 BE N 1)

35



95 3 & SA LR T R K ST BRI

AR, £ 7178 10MPay 15MPa i, FBEs 530k At it 22 52 fli A7 SLER A I, - 1 FLEE
Je {00 R G R B A AR AR NI, 3R H K S AR I 73 i SO DR IR . AT, CHa
Iy TAR D REE S 7K &5 52 A FL B 2 18] (A TR B BE N SR A FL B N B X 3. [ 3-4C
WY I IR, 5K Si02 FLFR Y BRI KT H CHa iR BE SR 28 ORIFAEAR AR /K -F-(CH4
K BEREEZ) 0.001), (E75 R TUKEVIMELLSZ AN K .

(A) 10 MPa (B) 15MPa

100 ns

50 ns 150 ns 50 ns 150 ns

S1ns 200 ns S1ns 200 ns

(C) o
S 0.003f
=
2
=
= 0.002¢
=
51
=
5]
o 0.001
=
]
-
ko]
= 0.000
0 50 100 150 200
Time (ns)

B 3-4 EMENBRBIRRBAFLRF CHERSHA (A) 10 MPa (B) 15 MPa B B A3 #is
MR . (C)ZMA FLER AVBUAEH CH. IR BERE I T 244 A B 22
Figure 3-4 Simulated snapshots of CH4 diffusion in montmorillonite pores at pressures of (A) 10
MPa (B) 15 MPa obtained by simulation. (C) Curve of CHy4 concentration in the liquid phase in
montmorillonite pores as a function of time
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Figure 3-5 Quantity density distribution curves of (A) water molecules and (B) CHy4 (C) Na* in the
Y direction perpendicular to the montmorillonite pore wall. (D) Schematic diagram of the double
electric layer on the surface of montmorillonite and its formation
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Figure 3-6 Contour plots of hydrate thickness from montmorillonite pores at different locations and
simulation times for the upper and lower surfaces at a pressure of 10 MPa (A). Contour plots of
hydrate thickness from montmorillonite pores at different locations and simulation times for the
upper and lower surfaces at a pressure of 15 MPa (C) and (D)
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Figure 3-7 (A) AOP values of water molecules on montmorillonite surface at 10 MPa and 15 MPa.
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Figure 3-8 (A) Snapshots of methane diffusion simulation at 10 MPa (B) 15 MPa. (C) Curve of CH4
concentration in the liquid phase in the pore as a function of time
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Figure 3-9 Variation curves of the number density distribution of (A) water molecules and (B) CH4
(C) Na* (D) CI" in the Y direction perpendicular to the salt ion-montmorillonite pore wall
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Figure 3-10 Contour plots of the thickness of hydrate from the pore wall at different locations and
simulation times for the upper surface of (A) and the lower surface of (B) in the ion-montmorillonite
pore system at a pressure of 10 MPa. Contour plots of the thickness of hydrate from the pore wall at
different locations and simulation times for the upper surface of (C) and the lower surface of (D) in
the ion-montmorillonite pore system at a pressure of 15 MPa
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Figure 3-11 (A) Distribution curves of AOP values of water molecules in the salt-ion-
montmorillonite pore surface water layer at 10 MPa and 15 MPa pressures. (B) MSD variation
curves of water molecules in montmorillonite pore surface water molecules in salt ion-
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Figure 4-1 Schematic diagram of the formation in montmorillonite pores of (A) normal salt ion
concentration distribution (B) high salt ion concentration distribution
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Table 4-1 Parameter Plot of Montmorillonite Data
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Table 4-2 Lennard-Jones interaction parameters and atomic charges for montmorillonite, water,
and methane

Force or charge site e(kJ m0|_1) D(A) a(e)

Montmorillonite (CLAYFF)

Hydroxyl H 0.0000 0.0000 0.4250

Hydroxyl O 3.1656 78.2000 —0.9500

Hydroxyl O with substitution 3.1656 78.2000 —1.0808
Bridging O 3.1656 78.2000 —1.0500

Bridging O with octahedral substitution 3.1656 78.2000 —1.1808
Bridging O with tetrahedral substitution 3.1656 78.2000 —1.1688
Tetrahedral Si 3.3020 9.2618 x 1074 2.1000

Octahedral Al 4.2712 6.6918 x 1074 1.5750

Tetrahedral A 3.3020 9.2618 x 107* 1.5750

Octahedral Mg 5.2643 4.5440 x 104 1.3600

Water (TIP4P2005/ice). CH4(OPLAS-UA)

water oxygen (0*) 0.2108509 3.1668 -1.1794

water hydrogen (h*) 0.0000 0.0000 0.5897

CH. 0.2940 3.7300 0.0000
Ion(CLAYFF)

Na 2.3500 65.5128 1.0000

Cl 4.9388 24.1600 -1.0000
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Figure 4-2 (A) Nucleation growth model of hydrate in montmorillonite high salt ion concentration
system (B) Nucleation growth model of hydrate in normal salt ion concentration of montmorillonite,
cyan balls represent methane molecules; yellow balls represent silicon atoms in montmorillonite; red
balls represent oxygen atoms in montmorillonite; cyan balls represent aluminum atoms within
montmorillonite; white spheres represent helium atoms; light blue dots represent water molecules,
and the short red rods are hydrated water molecules, pink balls represent chloride ions, blue balls
represent sodium ions
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Figure 4-3 (A) Simulated snapshots of hydrate growth morphology within normal salt ion

concentration (B) High concentration salt ion system (C) Curve of the number of water molecules in
the largest hydrate nucleus versus time. (D) Curve of the number of methane molecules versus time

FATAT R BRMEATITRNE. 7K &Y, EKEVAIIT DN O iRz, — kK

48



EA RS (FRZR) kil 22 A i S

WD BRI LT E A% LA B AE R 22, (BAEARTT B RRAR R oK S EE R R
DA%, B R EIFERE S 4.2.1 fRE. HULFEIR, fESLBR DAL TRE K EYME N
SRS SR EWREAT A . AR IR BB TR - S 1R Z b, K E WAL P AL AL A% JF:
A B, TFUE KK ST SKEWIR AR, —FZEFKEYIED 88T AR
Ry BOE IR SR, M 5k 87 i T oK S A HE SR RN A AL Py ]
FF s 2= ALRRAMN, 1 S22 i TR RO Z R, K EYIREEEE KRR,
T RRERE TR AK RS, mTEERE, SE T EERTREMERKEHRET
A LR DY A i B 52 i A i X3, A SRl A R i e B I R R T X, O R
TFHAKIIKEAEEL Y. WK 4-3C-D FiR, 4R T/KEWEK %Ky
TANHGE 7 5 BOR BB N 18] (AR A o AERLUATIALE AR A 28 oK S KR 2 R BV,
RPN )04 300ns J&, i h & 1 XS B, B SR8 X K S 1 % A
KANFIVEFIZHT DI, BEE A [, AR AR . EIRESREH, B
HE TSI KSR ERESR, BT REWAERKERS, KAEHREN, #tm
SR R B T A, DL ER SRR T XN, KSR KRR, JFHOA
SR A B R T A KK S YRR AL

N T BB AR E A KRR P S T AL, BlJa, BATEEHG S 1) B R
TR TP R P U Z M5 (EETEBAERD, SRILET 4-4 Pos.
S SRR, DR A KN RN TR O HLR Y Stern Z (4R
K 4-4E RS X IR ) AHR 2 AR BN RS IR 51 o0 S8 3 BE I oA T e
R ) diffuse /& (A1K] 4-4E R2r (U X IR o). ATLUE BB 2 IR W Eh & 1-
SR RIERE IR A T- AR RS, RBAARE stern J2 £ 8 7@ 58 9B
P BE 0 DA s/, X0 R AR ER RO, BIUK S BOZ AR I 8 & 1 A
SR, BB A S0 R W BLER T R IR XK &4, R B AT RE TR
Z K EMR LD, FER AP RSN AR A T X B By iR R
Fo ML T RIKERE F-EZRAEART, BTIEE SRS riRE-ZRARRPEEE A
PIHCE R EIIMU S EL stern JRIBE AR, (G757 stern JRIR B AOANE 3 2L DT
DA, BRI EA R Y. SHRNENTE A ZE R diffuse /27,
XATREME R N Z RIER S T R LRRAMU . i DL SR TR, XU R R RS, P
PR AR stern J= DX AN, 1 1R 5 £ B IR -5 A7 7R & o stern J2 IUUE(E R B, H diffuse
JE I

49



54 T FRE TN S R K SRR AL

(A) (B)
S 1.2
s 6ns =
4} sem | ——— 150ns £ 1.0}
2™ 300ns )
% 3 \ 450ns =
EN B s S0
g 204
<, \
0 NV AN NAR oo _ .
0 10 20 30 40 0 10 20
Z(A
(C) Zhy (D) A)
1.8
£ i 6ns £ 1.6}
=50 st 150ns 2 1.4
% layer 300ns 2 Lol
24\ ——— 450ns Ele
= Z1.
3‘3 i Diffuse 3»0.8 f
'z layer £ ’
$2r - Z 0.6} i/
S 2 H
0 )
F <04 \ ﬂ
2 il 0 0.2 \’ v V
0 sA'N 00 |
0 10 20 30 40 0 m
Z(A)
(]
(E) ¢ v o
‘ “ .
°. v [s] L] © Diffuse
layer
W™ °
o® ¢
L [} Stern
° ® - » . layer
Montmor
m ggg’%ﬂ% } e
va o
@ N D) CA @ H ) o @ s

Bl4-4 FEFDEFRE-ZHAEERRS (A) Nat (B) CrEELSAHEE. ERIKEHET-
RBAKFEF, (C) Na* (D) CrEEDA L. REGEHONAE stern B, RBEREBNA
& diffuse 72 (E) BRI AXHE R FIREE
Figure 4-4 Density distribution profile of (A) Na* (B) CIin a normal salt ion concentration-
montmorillonite system. Density distribution profile of (C) Na* (D) C" in the high salt ion
concentration-montmorillonite system. Light blue and yellow represent stern layer, and purple and
green represent diffuse in (E) Montmorillonite surface constituting a double electric layer

NT#H—DHERETHRIRESERTRKEMERRSK KR, HATET
CHILL+S AT H TLIC/K IR, /NTuKIAF 512, 51262 S8 125, (25140 K 4-5E FizR),
PARALL FF e /K S0 0 A%/ 2B K g A, ORI AT AR K S W AR AT 1) (/K A 2540 DL KoK 5
VIIEL AL . Wi 4-5A-B 1R 0L TOKIA MRS AL, HATRSCRE 2 Bl iR i 2
B X3 2 R S T A R AR BRI, AR AN TTA S H s (22 3AT]

50



EA RS (FRZR) kil 22 A i S

4B 4-5C-D A AN TR 512 FENIDTaG IR R 5 B TR R A KR HOH = T IR
HRRNERE FARRPKEAKEHE, 8 526 % 5/K% & DHOP H/K-&Y) itz 4 H
AREHAME, DLEZRERY], AR IR T X, Rk R K&
PIR AR

(A) (B)
& £1000
£ £
' 4000 = 950}
k] [
g 5 900t
< 3500 g
53 2 8s0f
= |
ba 7 800
S 3000 . S .
z —— mREER R 750 R P A
2 —— EW KR T 00l —— LERKHHKR
Z 2500 - - : - Z
70 100 200 300 400 0 100 200 300 400
Time (ns) Time (ns)
(C) (D)
80}
o T0F *
w; w;
S 60} E
5 5
=
E S0 t
Z 40 z
WY —— ok i 00 KN 1
30f —— MR R — ENWEHE
0 100 200 300 400 0 100 200 300 400
Time (ns) Time (ns)

o O

sl2g4

] 100 200 300 400
Time (ns)

B 4-5 KEVEFRMEETF-FERANERA (A IIBKFEBATLKH (O BLEHHK S (D)
BN 5126 (E) BEHHA 564 (F) TITKIH. ATk R =MKEWELEH KRR E
Figure 4-5 Hydrate within the system of two salt ions-montmorillonite (A) five-membered water
ring (B) six-membered water ring (C) cage structure of 5' (D) cage structure of 526? (E) cage
structure of 5'26%.(F) Schematic diagrams of the five-membered water ring, the six-membered water
ring, and the three hydrate cage structures

421 BREEBTEHEAILREFKEURELN
FE IR L IR £ B - S A AR AU AR R AT, S5l A S TR T IR BT A 1, 17 28 AR (R4
BT NSRS 1, TR RO R E o X 2 A e 1 U8 1 i T 3 kA E A

51



54 T FRE TN S R K SRR AL

FERE TR — EAERRK ST, XK 7 XA S A W e K1 2
11175 SEEL 52 i A0 2 1D ) PR e 20 7 BB IR AR X, e AR R NI R — )= W e
R L XIS, ARGE SRR FEN SR, ik L A R e 201 2 8] B B IR Rl e 3t K S P
i, RIS AR B s, B el R e 2 TRV 5 T Al gt DA /K 5 90 % 4 i o
HIBKE) ), A3 K GV A% A G o BRI 7K S DR AA AR H ) R o v I 2 DX R A 4
dadei%, JFCAEETAE K. SRR, LR DARTE KSR T e Te 2T iR R

IKEWAE P B IKIK SIS, o 3 T AR SN, Aok &4 6
R, R R R KT, RMEAE RIASOEE, BT XA S T IRIE L
Bt K Gt — LA, TR RK S — B R SRR - 1
o 8 T TR S KO 5% IS B AR, A SRR s R R T X
fhe PALEZURERW], ALEFOKREMAERKERES, R8T EEMMENDXIE, FH
DX A 7K S 45 [ R S T A AR A v A B B IR P X, 5 A XSO /R S ] s o R 2
X 4

—— AR TFOH
—— F BT A

20 30 40 50

Z/A
(C)
/._--__________-___---._ __________ :ilffuseE u
& oM OG0 . L}
, , x
° AR R L
e eares Vi

B 4-6 (ARKRESRET-RRALRERTFAET. BRFREEREXBREEBHEEESEM
FERTH 7 TR AN B T4 A0 i 2R (C)RBLA FLER K S W) R AL LB W e R AR R

Figure 4-6 (A) Schematic diagram of chloride ions, formation of methane high concentration region
in the high concentration salt ion-montmorillonite pore system (B) Sodium ion distribution profile
along the direction perpendicular to the montmorillonite surface (C) Snapshots of hydrate-
encapsulated salt solution in the montmorillonite pore and simulation of the double electric layer

52



EA RS (FRZR) kil 22 A i S

422 EEHEBTFREFHEAFLERPKEVEKFR

FEIEH TR TR -SRI AR R, 2K S WIC SR AR k%, BB R A5 R
i e B K &I A, TR AR R e 7. SUHLFN, e mrid
B BB EM AR SEHRSHER, 88 79 BB LM (Ui 4-7A Fros),
FEALBRN MR 2 ORFF 3.5wi% I Eh B Tk . SmikEEE TS Ak R, &R
Hh 52 i A BRI AR EATES 1 80 H ORI, 32 P T LB o 52 Pl A 28 i B 3 W PR 28 5 T2 1k
XL JZ G5, W BAN T BB A O 1P S i R i ) S B T R 2, BIEK S
RIS, SRR SRR oA ERE, HIEE Ty IR SMI,
A5 FLREE P 0 1 5 B A 2 1 B 3 ) 8 B TR, 5 IR R 88 IR I 3.5wt%.. BIAEfA &
HETIREIER, KGR ERA RIS AR . X2 TR BA R 7HERKE
HE T, —HHETE TR, EE A RETIEE MRS, 57— TR
i BB T — B BOH WA T AR T, BT e BR A, A b B FRAG, T
BUKEMIEFAKBZER AR WE 4-7B For, KEWEKERS, 7L =
T AL, — FOVNE TR T B K G B 7 I (B R SR 3 e ) 565 —Fh
NHEB T EE TR KIS YHG PR RIK GV R B SR, BT Rk -5
A A 2 SRR A S B R D B s Eu ] P T b 1 ) o 55 =, 0y 2 1 PR PR £ [ 1 R
T BELAS 7K A s ] ¢ S e A A, SLBHAS RE T BCSLRRAR R b e gy (I P i €u 53] Bl P e
). EdA AL, KEVIREEEREZ AR, FHKEM RS ESE
o

B 47 AEFEETRE-ZRALRERIHET. AR TEAFREIBAREB)ERHRE TR
FE-ZA LR KA A KBEARROE KKK EMERLERREE

Figure 4-7 (A) Schematic of sodium, chloride, and methane migration in the normal salt ion
concentration-montmorillonite pore system (B) Snapshot of simulation of hydrate growth in normal
salt ion concentration-montmorillonite pore (C) Schematic of growing hydrate-encapsulated salt

53



54 T FRE TN S R K SRR AL

4.3 KRB

CAESREBH], TS WA RO R, A58 Mk R s 88 1S A A
Rk I A TR A KRS, ST R R X, K& AR,
HThaIEREE SR, AR, HEHTEIARIEEEZ, K
RIMAFERER S T, ERKEMTTRAERKREZ AR JF B2 R Ik i
B DX, R b K 0 AR A A AT o K R A A 2 R A 2R v B B AT
PR E R R - AR R, M S T HOKRE A RIE R AR, BIH
DUHEER RN 10 o —#B > O ER B e TR BR 1, R AR RIKKEZ . XTIk
FRER S - AR RS, L SA R R R, Stern JRIEAA
A7, M diffuse JRALH . XARER T2 RVEEE T IELIMU. SILFER, $oKe
MBENRERE TR MR 7. B, e TR PINE =M, M
NNE TV T B O ER TG 56 RO B TR TG R R K
EVIREIL R =, IO R IR e T O, FRAG/K & s
PRSI AR FE TR T A SEA P . KA R SR B fE S illE
TKE LM 732 B 2 BV L W] 25 R AZ R 3R BB

54



EA RS (FRZR) kil 22 A i S

BLE FiLSRE

LA SCR I, KRGVt 2 P RK SR — RN T 50%, HiRITTRFLI
FER, X RMRITURYIFLER A £ KUK B, (HREHIEBKEY . Hikt+of
BT RAER R TR YA K SV il A . RS A ONXT T RIR K ED)
PG AT R, K EPILESFLBE  RBAPIRZES R B R E A . filan, ATRAA S
BEL AR IR AR B ik 2= Hh RAR UK E DRIV EE , o2 3 -0 HH AN (R S ) e BEL 3 A
BHFERAE T RIRR KSR . B, XMIERT—MBam sz, RKE
Y5 I I TR FL B B B e . A ROK S5 SRR EE Z A7 AE — JR /KB (oK [l i
RN ZIAAFAER) “HEBASIR”) B CHa o FI8-2 38 1 1H v BE 325 TN A) A A bl 75 22
BiE. AN, WARENEEAIOVIRRE RIR KGR — B L. B, mRKEY
FE LR AT 3 DAL B I, AR AT IS IEVE R 2 KR BRI, Mtu sz £LES & il fr 7k
YRR SULFR, JURPIRSE R RRIRAR, KRR A K & 6= N B IX
BRIENBA . AL, KEPMA L K S 2 1 12208 i . BB RIR UK &)
TERIERE K SN RS, K S E IR PEAER KRR Bt [ AIK, ™8T
P REZIE M Z R, R AR ERR . B, BESIRIKE W)= 0 HERR T A5 A
ROTK, Wb AVE | ETTRFLBR H K S VIR & . A AR

AHEFCRH 73130 35050, el T KA e — Sk S A S Mt A
- BT =R RSO SO G, SRR L ] A A Jo R T S R R TR K S K
R/ ER IR RUR  H 4B 7= I L8 ] 4 A B R 6 K A ) A% AR A e HL AR o T e
REWRIEFH) CHy AIE R SR AT, A ITAEFLRR A3 /2 B CHa-/K 5
. BEJE, KEVIIA CHa-/K T T iz, FRIZHK R BASLEE . £ FLBRAT S 1
JR K EAEAE 2 BRI ) CHa 23 AL N8 X3 A A2 21K I — 4
MRESLBE, A2 T B K B AN FLRR BE 22 18] A7 A2 — 2= I e ] PR /KB, B BELAS <
CHa [a) LR PN R B SR B A o DRI, LB N BB KK 1 ik AL K &4
%o TN TR PE AR FLBR N, AETE B AR S A LI BE 2 (Al A7 A2 — 2 U i
TR R AR R B A E VRS, 0 U A CHa BN =y IR, CHa 2 R 1)
FLER NI LSl 10 ALER A AR U A sl o IXAPRHAAL I8 20 CHa AWHE A LUK AL
FOKED A% A xS TaiS B FLRE T, BT SMa 200k, R —Zm

BRI Stern J=, ZRIVINE TR EE THK T diffuise 7, XWESTNUHE,
55



85 E GigHRYE

T2 AL R BUKE Y 5 50 A LR 22 18] [a] B KT e BAR, (2 X0 = 4
T T S T8 KA A P i AR A3 ol [ FRD K 701 BELRS U P CHLG [l FLRR N e A%, 1
e 05 Xk LA B4 A0 7K 731 TR SLRSE MBEAT A% o7, DR LM S5 it A 2 T TR ol (R X0 R J 2 7 PELA
A% IR R BRI 2 ¥ o X B 28 - S i A R S M IR FL B N 3. 5wt B 1 AN
S R R AT BUE R T K> 7 R EERE TR, A4S K71 BEnME LAY A%, 6145
YR CHy V3RTCVE FI LR N ARG SEH6 RS . AR R IR LIS 8 - S WA R R ik 2 IR H
R TR AR RS, BT AT RAE, KEVHLEERESZ B AR, MLT
R I ER B - AR R T, I R IR - S AT A R P S i R AR 0
JRE5H Stern JREEARAAL, 1 diffuse JZAR W . XA AR 1T 2RI EHE T HEE LS
M. B, e FaEpM iR TIE =M, —MOVIE TR T B OB
BTV 5 RO BRI BT R R THG B K AIK S BRI R I 2 =T,
SR TR B B AN 5 TR RO R, B K & s [ A4 S i 7 ) ARG . BB 1 1 A
Xt LS S I EAT PR o DR A 5 SR LA 5 I R K S D MR 53k (1 2 B L n]
EPAARENAITP

AR SR FTAE ROTRN T AN FIEIR AL K AN [ [ AR A o SR (7K & Wi )= b AN
MR EWIAAAE R 3 AR OLIR AL 7 BRR =, R K S YIAMER BT e AT T
78, FIR KRGSV EhER. TRAT AR (2 A B iR 1R 3. ASCNER IR |
AL T 2 LI R OK SV ROWIRAE IR, A SR AL 50 SR A XK &1
AN SR L R VP RE S 15 B HERR T, A8 A KPR AR ST FEEE 2R

56



S 230k

[8]

S 3Rk

Sloan E D. Fundamental principles and applications of natural gas hydrates [J]. Nature,
2003, 426(6964): 353-359.

Sloan, E.D., Jr, Carolyn Ann Koh. Clathrate hydrates of natural gases: third edition [M].
CRC Press, 2007.

Makogon Y F, Holditch S A, Makogon T Y. Natural gas-hydrates — A potential energy
source for the 21st Century [J]. Journal of Petroleum Science and Engineering, 2007, 56(1):
14-31.

Kvenvolden K. Gas hydrates—Geological perspective and global change [J]. Reviews of
Geophysics - REV GEOPHYS, 1993, 31: 173-187.

Zhang W, Liang J, Lu J a, et al. Accumulation features and mechanisms of high saturation
natural gas hydrate in Shenhu Area, northern South China Sea [J]. Petroleum Exploration
and Development, 2017, 44(5): 708-719.

Gabitto J, Barrufet M. Gas Hydrates Research Programs: An International Review [J]. U.S.
Department of Energy Office of Scientific and Technical Information, 2009.

Ryu B-J, Collett T S, Riedel M, et al. Scientific results of the Second Gas Hydrate Drilling
Expedition in the Ulleung Basin (UBGH2) [J]. Marine and Petroleum Geology, 2013, 47:
1-20.

Kim K-J, Yi B-Y, Kang N-K, et al. Reservoir characterization of gas hydrate in the
Northwestern part of the Ulleung Basin, East Sea [J]. Marine Georesources &
Geotechnology, 2016, 35(2): 226-235.

Lee M W, Collett T S. Scale-dependent gas hydrate saturation estimates in sand reservoirs
in the Ulleung Basin, East Sea of Korea [J]. Marine and Petroleum Geology, 2013, 47:
195-203.

[10] Oyama A, Masutani S. A Review of the Methane Hydrate Program in Japan [J]. Energies,

2017, 10: 1447.

[11] Collett T, Johnson A, Knapp C, et al. Natural Gas Hydrates—Energy Resource Potential

and Associated Geologic Hazards [M]. American Association of Petroleum Geologists,

2009.
57



S 230k

[12] Lee M W, Collett T S. In-situ gas hydrate hydrate saturation estimated from various well
logs at the Mount Elbert Gas Hydrate Stratigraphic Test Well, Alaska North Slope [J].
Marine and Petroleum Geology, 2011, 28(2): 439-449.

[13] % g, Mook, HRM, & RIRFUKEMRN FE S 046 [J]. 8548 A2, 2001,
(z1): 169-171.

[14] Li L, Liu H, Zhang X, et al. BSRs, estimated heat flow, hydrate-related gas volume and
their implications for methane seepage and gas hydrate in the Dongsha region, northern
South China Sea [J]. Marine and Petroleum Geology, 2015, 67: 785-794.

[15] Song Y, Yang L, Zhao J, et al. The status of natural gas hydrate research in China: A review
[J]. Renewable and Sustainable Energy Reviews, 2014, 31: 778-791.

[16] Dong H, Sun J, Arif M, et al. A Method for Well Logging Identification and Evaluation of
Low-Resistivity Gas Hydrate Layers [J]. Pure and Applied Geophysics, 2022, 179(9):
3357-3376.

[17] Zhu L-Q, Sun J, Zhou X-Q, et al. Well logging evaluation of fine-grained hydrate-bearing
sediment reservoirs: Considering the effect of clay content [J]. Petroleum Science, 2023,
20(2): 879-892.

[18] Ramu R, Sain K. Multi-attribute and Artificial Neural Network Analysis of Seismic
Inferred Chimney-like Features in Marine Sediments: A Study from KG Basin, India [J].
Journal of the Geological Society of India, 2021, 97(3): 238-242.

[19] Shukla P K, Singha D K, Sain K. Modeling of in-situ horizontal stresses and orientation
of maximum horizhontal stress in the gas hydrate-bearing sediments of the Mahanadi
offshore basin, India [J]. Geomechanics and Geophysics for Geo-Energy and Geo-
Resources, 2022, 8(3): 90.

[20] Jin J, Wang X, Zhang Z, et al. Shallow gas and gas hydrate accumulations influenced by
magmatic complexes in the Pearl River Mouth Basin, South China Sea [J]. Marine
Geology, 2022, 453: 106928.

[21] Bai C, Su P, Su X, et al. Characterization of the sediments in a gas hydrate reservoir in the
northern South China Sea: Implications for gas hydrate accumulation [J]. Marine Geology,
2022, 453: 106912.

[22] Pandey V, Sain K. AVA Analysis of BSR in Fractured filled Gas-hydrates Reservoir in
58



S 230k

Krishna-Godavari Basin, India [J]. Journal of the Geological Society of India, 2022, 98(9):
1253-1260.

[23] Auguy C, Calves G, Calderon Y, et al. Seismic evidence of gas hydrates, multiple BSRs
and fluid flow offshore Tumbes Basin, Peru [J]. Marine Geophysical Research, 2017, 38(4):
409-423.

[24] Jin Y, Li S, Yang D. Experimental and theoretical quantification of the relationship
between electrical resistivity and hydrate saturation in porous media [J]. Fuel, 2020, 269:
117378.

[25] Chen Q, Wu N, Liu C, et al. Research Progress on Global Marine Gas Hydrate Resistivity
Logging and Electrical Property Experiments [J]. Journal of Marine Science and
Engineering, 2022, 10(5): 645.

[26] Obando-Orrego S, Contreras-Reyes E, Tréhu A M, et al. Shallow seismic investigations of
the accretionary complex offshore Central Chile [J]. Marine Geology, 2021, 434: 106437.

[27] Goswami B K, Weitemeyer K A, Minshull T A, et al. Resistivity image beneath an area of
active methane seeps in the west Svalbard continental slope [J]. Geophysical Journal
International, 2016, 207(2): 1286-1302.

[28] Li N, Sun Z-F, Sun C-Y, et al. Simulating natural hydrate formation and accumulation in
sediments from dissolved methane using a large three-dimensional simulator [J]. Fuel,
2018, 216: 612-620.

[29] Shen P, Li X, Li Z, et al. Permeability determination of hydrate sediments and a new
reduction model considering hydrate growth habit [J]. Fuel, 2020, 279: 118297.

[30] Mahabadi N, Dai S, Seol Y, et al. Impact of hydrate saturation on water permeability in
hydrate-bearing sediments [J]. Journal of Petroleum Science and Engineering, 2019, 174:
696-703.

[31] Zhao J, Fan Z, Dong H, et al. Influence of reservoir permeability on methane hydrate
dissociation by depressurization [J]. International Journal of Heat and Mass Transfer, 2016,
103: 265-276.

[32] Hou J, Ji Y, Zhou K, et al. Effect of hydrate on permeability in porous media: Pore-scale
micro-simulation [J]. International Journal of Heat and Mass Transfer, 2018, 126: 416-424.

[33] Dewhurst David N, Yang Y, Aplin Andrew C. Permeability and fluid flow in natural
59



S 230k

mudstones [J]. Geological Society, London, Special Publications, 1999, 158(1): 23-43.

[34] Blasingame T A. The Characteristic Flow Behavior of Low-Permeability Reservoir
Systems [Z]. SPE Unconventional Reservoirs Conference. 2008: SPE-114168-
MS.10.2118/114168-MS

[35] Meyer D W, Flemings P B, DiCarlo D, et al. Experimental Investigation of Gas Flow and
Hydrate Formation Within the Hydrate Stability Zone [J]. Journal of Geophysical
Research: Solid Earth, 2018, 123(7): 5350-5371.

[36] Zhang L, Ge K, Wang J, et al. Pore-scale investigation of permeability evolution during
hydrate formation using a pore network model based on X-ray CT [J]. Marine and
Petroleum Geology, 2020, 113: 104157.

[37] Sun X, Mohanty K K. Kinetic simulation of methane hydrate formation and dissociation
in porous media [J]. Chemical Engineering Science, 2006, 61(11): 3476-3495.

[38] Anderson R, Tohidi F, Mozaftar H, et al. Kinetic hydrate inhibitor removal from produced
waters by solvent extraction [J]. Journal of Petroleum Science and Engineering, 2016, 145:
520-526.

[39] Ma Y, Zhong X, Li X, et al. Numerical simulation of gas extraction from marine hydrate
sediments using sodium chloride injection [J]. Fuel, 2023, 342: 127910.

[40] Li F, Yuan Q, Li T, et al. A review: Enhanced recovery of natural gas hydrate reservoirs
[J]. Chinese Journal of Chemical Engineering, 2019, 27(9): 2062-2073.

[41] Cooley C, Wallace B K, Gudimetla R. Hydrate Prevention and Methanol Distribution on
Canyon Express [Z]. SPE Annual Technical Conference and Exhibition. 2003: SPE-
84350-MS.10.2118/84350-MS

[42] Peavy M A, Cayias J L. Hydrate Formation/Inhibition During Deepwater Subsea
Completion Operations [Z]. SPE Annual Technical Conference and Exhibition. 1994:
SPE-28477-MS.10.2118/28477-MS

[43] Sanggono Adisasmito and Enos Parubak. Ethylene glycol injection for hydrate formation
prevention in deepwater gas pipelines [J]. 2019, 268: 02003.

[44] AlHarooni K, Gubner R, Iglauer S, et al. Influence of Regenerated Monoethylene Glycol
on Natural Gas Hydrate Formation [J]. Energy & Fuels, 2017, 31(11): 12914-12931.

[45] Elhady A A. Operating Experiences of DEG and MEG for Hydrate and Dew Point Control
60



S 230k

in Gas Production Offshore Mediterranean [Z]. International Petroleum Technology
Conference. 2005: IPTC-10103-MS.10.2523/IPTC-10103-MS

[46] Vahedi S, Wood T. Practicalities of Thermodynamic Hydrate Inhibitor Distribution Within
Hydrocarbon Systems Under Steady State and Dynamic Operations [Z]. 16th International
Conference on Multiphase Production Technology. 2013: BHR-2013-D2013

[47] Koh C A. Towards a fundamental understanding of natural gas hydrates [J]. Chemical
Society Reviews, 2002, 31(3): 157-167.

[48] Collett T S. Energy Resource Potential of Natural Gas Hydrates [J]. AAPG Bulletin, 2002,
86(11): 1971-1992.

[49] Pooladi-Darvish M. Gas Production From Hydrate Reservoirs and Its Modeling [J].
Journal of Petroleum Technology, 2004, 56(06): 65-71.

[50] Zhang M, Niu M, Shen S, et al. Review of natural gas hydrate dissociation effects on
seabed stability [J]. Natural Hazards, 2021, 107(2): 1035-1045.

[51] Song B, Cheng Y, Yan C, et al. Influences of hydrate decomposition on submarine
landslide [J]. Landslides, 2019, 16(11): 2127-2150.

[52] Sun Y, Zhang X, Wu S, et al. Relation of submarine landslide to hydrate occurrences in
Baiyun Depression, South China Sea [J]. Journal of Ocean University of China, 2018,
17(1): 129-138.

[53] Chang Y-}, Wang K, Chen G-m, et al. Numerical Investigation on Dynamic Characteristics
of Casing Deformation During Marine Hydrate Production [J]. China Ocean Engineering,
2022, 36(4): 638-648.

[54] Wang K, Chang Y, Chen G, et al. Three-dimensional mechanical behaviors of casing
during gas production from marine hydrate reservoirs using depressurization [J]. Energy,
2022, 247: 123526.

[55] Wang K, Chang Y, Chen G, et al. Time-dependent mechanical characteristics of natural
gas hydrate production test casing under exploitation disturbance [J]. Journal of Natural
Gas Science and Engineering, 2021, 94: 104144.

[56] Zhou B, Guo Y, Liao Y, et al. Research on Numerical Simulation of Wellbore Stability of
Natural Gas Hydrate Reservoir Considering Dynamic Drilling Process; proceedings of the

Proceedings of The Fourth International Technical Symposium on Deepwater Oil and Gas
61



S 230k

Engineering, Singapore, F 2022//, 2022 [C]. Springer Singapore.

[57] Khabibullin T, Falcone G, Teodoriu C. Drilling Through Gas-Hydrate Sediments:
Managing Wellbore-Stability Risks [J]. SPE Drilling & Completion, 2011, 26(02): 287-
294.

[58] Cheng Y-f, Li L-d, Mahmood S, et al. Fluid-solid coupling model for studying wellbore
instability in drilling of gas hydrate bearing sediments [J]. Applied Mathematics and
Mechanics, 2013, 34(11): 1421-1432.

[59] Kwon T-H, Song K-I, Cho G-C. Destabilization of Marine Gas Hydrate-Bearing
Sediments Induced by a Hot Wellbore: A Numerical Approach [J]. Energy & Fuels, 2010,
24(10): 5493-5507.

[60] Liu X, QuZ, Guo T, et al. A coupled thermo-hydrologic-mechanical (THM) model to study
the impact of hydrate phase transition on reservoir damage [J]. Energy, 2021, 216: 119222.

[61] Cheng Y, Li L, Yuan Z, et al. Finite element simulation for fluid—solid coupling effect on
depressurization-induced gas production from gas hydrate reservoirs [J]. Journal of
Natural Gas Science and Engineering, 2013, 10: 1-7.

[62] Cao R, Ye L, Lei Q, et al. Gas-Water Flow Behavior in Water-Bearing Tight Gas Reservoirs
[J]. Geofluids, 2017, 2017: 9745795.

[63] Ohmura R, Matsuda S, Itoh S, et al. Formation and Growth of Structure-H Hydrate
Crystals on a Water Droplet in Contact with Methane Gas and a Large-Molecule Guest
Substance Liquid [J]. Crystal Growth & Design, 2005, 5(5): 1821-1824.

[64] Mirzaeifard S, Servio P, Rey A D. Molecular dynamics characterization of the water-
methane, ethane, and propane gas mixture interfaces [J]. Chemical Engineering Science,
2019, 208: 114769.

[65] Sujith K S, Ramachandran C N. Effect of surface roughness on adsorption and distribution
of methane at the water-methane interface [J]. Journal of Molecular Liquids, 2018, 266:
856-863.

[66] Singh V, Patra S, Murugan N A, et al. Recent trends in computational tools and data-driven
modeling for advanced materials [J]. Materials Advances, 2022, 3(10): 4069-4087.

[67] Ajani S N, Khobragade P, Dhone M, et al. Advancements in Computing: Emerging Trends

in Computational Science with Next-Generation Computing [J]. International Journal of
62



S 230k

Intelligent Systems and Applications in Engineering, 2023, 12(7s): 546 - 559.

[68] Benenson Y. Biomolecular computing systems: principles, progress and potential [J].
Nature Reviews Genetics, 2012, 13(7): 455-468.

[69] Jiménez-Angeles F, Firoozabadi A. Nucleation of Methane Hydrates at Moderate
Subcooling by Molecular Dynamics Simulations [J]. The Journal of Physical Chemistry
C, 2014, 118(21): 11310-11318.

[70] Sarupria S, Debenedetti P G. Homogeneous Nucleation of Methane Hydrate in
Microsecond Molecular Dynamics Simulations [J]. The Journal of Physical Chemistry
Letters, 2012, 3(20): 2942-2947.

[71] Walsh M R, Beckham G T, Koh C A, et al. Methane Hydrate Nucleation Rates from
Molecular Dynamics Simulations: Effects of Aqueous Methane Concentration, Interfacial
Curvature, and System Size [J]. The Journal of Physical Chemistry C, 2011, 115(43):
21241-21248.

[72] Yan K-F, Li X-S, Chen Z-Y, et al. Molecular Dynamics Simulation of the Crystal
Nucleation and Growth Behavior of Methane Hydrate in the Presence of the Surface and
Nanopores of Porous Sediment [J]. Langmuir, 2016, 32(31): 7975-7984.

[73] Zhang Z-c, Wu N-y, Liu C-1, et al. Molecular simulation studies on natural gas hydrates
nucleation and growth: A review [J]. China Geology, 2022, 5(2): 330-344.

[74] Zhang P, Wu Q, Mu C. Influence of temperature on methane hydrate formation [J].
Scientific Reports, 2017, 7(1): 7904.

[75] Zhang Z, Liu C-J, Walsh M R, et al. Effects of ensembles on methane hydrate nucleation
kinetics [J]. Physical Chemistry Chemical Physics, 2016, 18(23): 15602-15608.

[76] Filarsky F, Schmuck C, Schultz H J. Impact of Modified Silica Beads on Methane Hydrate
Formation in a Fixed-Bed Reactor [J]. Industrial & Engineering Chemistry Research, 2019,
58(36): 16687-16695.

[77] Wang F, Wang L, Wang C, et al. Direction Controlled Methane Hydrate Growth [J]. 2015,
15: 5112-5117.

[78] Wang J, Wang R, Yoon R-H, et al. Use of Hydrophobic Particles as Kinetic Promoters for
Gas Hydrate Formation [J]. Journal of Chemical & Engineering Data, 2015, 60(2): 383-

388.
63



S 230k

[79] Nguyen N N, Nguyen A V, Steel K M, et al. Interfacial Gas Enrichment at Hydrophobic
Surfaces and the Origin of Promotion of Gas Hydrate Formation by Hydrophobic Solid
Particles [J]. The Journal of Physical Chemistry C, 2017, 121(7): 3830-3840.

[80] He Z, Linga P, Jiang J. CH4 Hydrate Formation between Silica and Graphite Surfaces:
Insights from Microsecond Molecular Dynamics Simulations [J]. Langmuir, 2017, 33(43):
11956-11967.

[81] Guo Y, Xiao W, Pu W, et al. CH4 Nanobubbles on the Hydrophobic Solid-Water Interface
Serving as the Nucleation Sites of Methane Hydrate [J]. Langmuir, 2018, 34(34): 10181-
10186.

[82] Filarsky F, Schmuck C, Schultz H J. Development of a Surface-Active Coating for
Promoted Gas Hydrate Formation [J]. 2019, 91(1-2): 85-91.

[83] McElligott A, Uddin H M A, Meunier J-L, et al. Effects of Hydrophobic and Hydrophilic
Graphene Nanoflakes on Methane Hydrate Kinetics [J]. industrial & engineering
chemistry research, 2019.

[84] Min J, Kang D W, Lee W, et al. Molecular Dynamics Simulations of Hydrophobic
Nanoparticle Effects on Gas Hydrate Formation [J]. The Journal of Physical Chemistry C,
2020.

[85] He Z, Mi F, Ning F, et al. Complex Coupled Effects of Seawater lons and Clay Surfaces
on CH4 Hydrate Formation in Kaolinite Janus-Nanopores and Bulk Solution [J]. Energy
& Fuels, 2022, 36(11): 5775-5783.

[86] Cox S J, Taylor D J F, Youngs T G A, et al. Formation of Methane Hydrate in the Presence
of Natural and Synthetic Nanoparticles [J]. J Am Chem Soc, 2018, 140(9): 3277-3284.

[87] Christiansen R L, Sloan Jr E D. Mechanisms and Kinetics of Hydrate Formation [J].
Annals of the New York Academy of Sciences, 1994, 715(1): 283-305.

[88] Radhakrishnan R, Trout B L. A new approach for studying nucleation phenomena using
molecular simulations: Application to CO hydrate clathrates [J]. The Journal of Chemical
Physics, 2002, 117(4): 1786-1796.

[89] Hawtin R W, Quigley D, Rodger P M. Gas hydrate nucleation and cage formation at a
water/methane interface [J]. Physical Chemistry Chemical Physics, 2008, 10(32): 4853-

4864.
64



S 230k

[90] Guo G-J, Li M, Zhang Y-G, et al. Why can water cages adsorb aqueous methane? A
potential of mean force calculation on hydrate nucleation mechanisms [J]. Physical
Chemistry Chemical Physics, 2009, 11(44): 10427-10437.

[91] Jacobson L C, Hujo W, Molinero V. Amorphous precursors in the nucleation of clathrate
hydrates [J]. J Am Chem Soc, 2010, 132(33): 11806-11811.

[92] Vatamanu J, Kusalik P G. Observation of two-step nucleation in methane hydrates [J].
Physical Chemistry Chemical Physics, 2010, 12(45): 15065-15072.

[93] Liang S, Kusalik P G. Exploring nucleation of H2S hydrates [J]. Chemical Science, 2011,
2(7): 1286-1292.

[94] Mishin Y, Asta M, Li J. Atomistic modeling of interfaces and their impact on
microstructure and properties [J]. Acta Materialia, 2010, 58(4): 1117-1151.

[95] Li X, Zhang Y, Zhao H, et al. A Transfer Learning Approach for Microstructure
Reconstruction and Structure-property Predictions [J]. Scientific Reports, 2018, 8(1):
13461.

[96] Gao M C, Zhang C, Gao P, et al. Thermodynamics of concentrated solid solution alloys
[J]. Current Opinion in Solid State and Materials Science, 2017, 21(5): 238-251.

[97] Abascal J L F, Sanz E, Garcia Fernandez R, et al. A potential model for the study of ices
and amorphous water: TIP4P/Ice [J]. The Journal of Chemical Physics, 2005, 122(23):
234511.

[98] Jorgensen W L, Tirado-Rives.The OPLS [optimized potentials for liquid simulations]
potential functions for proteins, energy minimizations for crystals of cyclic peptides and
crambin [J]. 1988, 110 6: 1657-1666.

[99] Cygan R T, Jian-Jie Liang a, Kalinichev. Molecular Models of Hydroxide, Oxyhydroxide,
and Clay Phases and the Development of a General Force Field [J]. 2004, 108: 1255-1266.

[100] Mark P, Nilsson L. Structure and Dynamics of the TIP3P, SPC, and SPC/E Water
Models at 298 K [J]. The Journal of Physical Chemistry A, 2001, 105(43): 9954-9960.

[101] Price D J, Brooks C L, 3rd. A modified TIP3P water potential for simulation with
Ewald summation [J]. J Chem Phys, 2004, 121(20): 10096-10103.

[102] Abascal J L, Sanz E, Garcia Fernandez R, et al. A potential model for the study of ices

and amorphous water: TIP4P/Ice [J]. ] Chem Phys, 2005, 122(23): 234511.
65



S 230k

[103] Abascal J L F, Vega C. A general purpose model for the condensed phases of water:
TIP4P/2005 [J]. The Journal of Chemical Physics, 2005, 123(23): 234505.

[104] Rick S W. A reoptimization of the five-site water potential (TIP5P) for use with Ewald
sums [J]. The Journal of Chemical Physics, 2004, 120(13): 6085-6093.

[105] Lisal M, Kolafa J, Nezbeda I. An examination of the five-site potential (TIP5P) for
water [J]. The Journal of Chemical Physics, 2002, 117(19): 8892-8897.

[106] Huggins D J. Correlations in liquid water for the TIP3P-Ewald, TIP4P-2005, TIP5P-
Ewald, and SWM4-NDP models [J]. The Journal of Chemical Physics, 2012, 136(6):
064518.

[107] Jorgensen W L, Madura J D, Swenson C J. Optimized intermolecular potential
functions for liquid hydrocarbons [J]. ] Am Chem Soc, 1984, 106(22): 6638-6646.

[108] Goodbody S J, Watanabe K, MacGowan D, et al. Molecular simulation of methane and
butane in silicalite [J]. Journal of the Chemical Society, Faraday Transactions, 1991,
87(13): 1951-1958.

[109] Nelson E. Derivation of the Schrodinger Equation from Newtonian Mechanics [J].
Physical Review, 1966, 150(4): 1079-1085.

[110] Qin X, LuJ a, Lu H, et al. Coexistence of natural gas hydrate, free gas and water in
the gas hydrate system in the Shenhu Area, South China Sea [J]. China Geology, 2020.

[111]  Wang X, Hutchinson D R, Wu S, et al. Elevated gas hydrate saturation within silt and
silty clay sediments in the Shenhu area, South China Sea [J]. Journal of Geophysical
Research: Solid Earth, 2011, 116(B5).

[112]  PriestJ A, Best AL, Clayton C R I. A laboratory investigation into the seismic velocities
of methane gas hydrate-bearing sand [J]. Journal of Geophysical Research: Solid Earth,
2005, 110(B4).

[113] Pan H, Hongbing L, Chen J, et al. Quantification of gas hydrate saturation and
morphology based on a generalized effective medium model [J]. Marine and Petroleum
Geology, 2019, 113: 104166.

[114] Su M, Luo K, Fang Y, et al. Grain-size characteristics of fine-grained sediments and
association with gas hydrate saturation in Shenhu Area, northern South China Sea [J]. Ore

Geology Reviews, 2020: 103889.
66



S 230k

[115]  YeJ-l, Qin X-w, Xie W-w, et al. The second natural gas hydrate production test in the
South China Sea [J]. China Geology, 2020, 3: 197-209.

[116] Hashimoto Y, Tobin H J, Knuth M. Velocity-porosity relationships for slope apron and
accreted sediments in the Nankai Trough Seismogenic Zone Experiment, Integrated Ocean
Drilling Program Expedition 315 Site C0001 [J]. Geochemistry, Geophysics, Geosystems,
2010, 11(12).

[117]  Abraham M J, Murtola T, Schulz R, et al. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers [J]. 2015, 1:
19-25.

[118] Pronk S, Pall S, Schulz R, et al. GROMACS 4.5: a high-throughput and highly parallel
open source molecular simulation toolkit [J]. Bioinformatics (Oxford, England), 2013,
29(7): 845-854.

[119]  Van Der Spoel D, Lindahl E, Hess B, et al. GROMACS: fast, flexible, and free [J].
Journal of computational chemistry, 2005, 26(16): 1701-1718.

[120] Downs R T, Hall-Wallace M. The American Mineralogist crystal structure database [J].
American Mineralogist, 2003, 88(1): 247-250.

[121] Hoover Wgjpra, General physics. Canonical dynamics: Equilibrium phase-space
distributions [J]. 1985, 31 3: 1695-1697.

[122] Berendsen H J C, Postma Jpm, van Gunsteren W F, et al. Molecular dynamics with
coupling to an external bath [J]. The Journal of Chemical Physics, 1984, 81(8): 3684-3690.

[123] DeFever R S, Sarupria S. Nucleation mechanism of clathrate hydrates of water-soluble
guest molecules [J]. The Journal of Chemical Physics, 2017, 147(20): 204503.

[124] Francisca F, Yun T S, Ruppel C, et al. Geophysical and geotechnical properties of near-
seafloor sediments in the northern Gulf of Mexico gas hydrate province [J]. Earth and
Planetary Science Letters, 2005, 237(3): 924-939.

[125] Winters W J, Wilcox-Cline R W, Long P, et al. Comparison of the physical and
geotechnical properties of gas-hydrate-bearing sediments from offshore India and other
gas-hydrate-reservoir systems [J]. Marine and Petroleum Geology, 2014, 58: 139-167.

[126] ZhouJ, Wang X, Collett T S, et al. Characterization of a complex sand-rich gas hydrate

reservoir system in the Indian marine continental margin with downhole log and seismic

67



S 230k

data [J]. Marine and Petroleum Geology, 2023, 155: 106370.

[127] ChanglJ, Fan X, Jiang Z, et al. Differential impact of clay minerals and organic matter
on pore structure and its fractal characteristics of marine and continental shales in China
[J]. Applied Clay Science, 2022, 216: 106334.

[128]  Schweizer S A, Mueller C W, Hoschen C, et al. The role of clay content and mineral
surface area for soil organic carbon storage in an arable toposequence [J]. Biogeochemistry,
2021, 156(3): 401-420.

[129] Fagel N. Chapter Four Clay Minerals, Deep Circulation and Climate [M].
Developments in Marine Geology, 2007: 139-184.

[130] Ehrmann W U, Melles M, Kuhn G, et al. Significance of clay mineral assemblages in
the Antarctic Ocean [J]. Marine Geology, 1992, 107(4): 249-273.

[131] Uddin F. Clays, Nanoclays, and Montmorillonite Minerals [J]. Metallurgical and
Materials Transactions A, 2008, 39(12): 2804-2814.

68



T 207 S0 1) A 1) 2 R R R

U+ F LA E BIS B F AR AR

(1) BUEA L+ FAIEAE £ RINFARIL

[1] Xiaoyan Lv, Jun Zhang, Zili Wang, et al The effect of winter flounder antifreeze protein
and its mutants on methane hydrate growth: A molecular dynamic simulation
study[C],2024 6th International Conference on Biotechnology and Biomedicine (ICBB
2024)

[2] BR%k. £EJI. B, R RIR IS &8 K S A% HLE 1 737 AL
WEFELCY, 2t Jm by TS N TR BN AR &

(2) BUERESAEES SHIEERE

[L] 25 B R 28U 63 B A i S KRBT H —— IR 0 YRR UK B K
TSN TR, TH% 5 : ZD2019-184-003, FE5EMA.

[2]1 25 EAhRR A R A 7] B RRHIN H —— R UK GV AU E /52 56
PRSI R, TH g5 2021DJ4901, FEETERMA.

69



EA RS (FRZR) Fll il 22 A i S

B it

RN R A BEWRE LR, BATEEN T X =FH A s R %,
H 22 I3 R ALLF IS 1 I 18] AT o TR TA) , AR PR R R G R A E BRI TN 3
IR PIR IR R L AL I TR T 45 T A B AN S N o

Pz, BURaE. R FIMKEZN, FEMPA ™ MR, 4
Hileid, LR TARMREASHESE, MUEFEAR ESF T RERMIES, EAENE
B EOVBRM AL TS R AR, B R 40 EIMABTATT ), JFAH #E
FER AR, R YUK

R AES!, IR . PR A2 A £, 2415 BGE IR, JFH
MR OAR 3, NIRRT TR B 1 B AR T [, s 3R RE W B i ROt HESE SR ) AT
RSB R 45T 1 I O ASHh T T o B A R E AN 23R 2E AL A
W BRI SRR SRS, DURCREBAR LR DUBRI AT, A= T RIBE L2,
Tt T BIEHTGE

AR5, UL . B SCRE, ROUHRITIE VR 2 HER K, 477
WK Z 530HF, oo TIRITIEEMNAE REF N RIS, RIS &R
RINEsR e JE , NRITHC AR . BN TARAT, A RE OB 55 B Bk

V85 31, 5 AR o TR 55 A ARV AR SCRE S Sl 2 AT AT AN S8 3 77 o
B B B A, BREVERIH T 33 AR R R, R AN 2=
HI9% 0, IR B T 5 T E3% . 0 — ERE R &1L, JATH B3,
MEARR, —ERERPTER R, FRST, —EERFUEFT L. R KIh
WEB, —EHHERARER LT, WSS hh i@l 2mIaREoR [,
RIS 7270530, B B, R AIHE R R AU, D3RR T AL
RN s I IR DTSR IRARAT A H B RN S 3 IF R ARk, B
P

EEZ i, BEESE, ¥ HZW, EREE . RIFERHEA%ES ). RE B
B, MEACKIHGREERE, REIRTT. TXRK, —FRAIRE, I PRR
2%, WAL, BUEEERG BAEERT.

70



